Gametic equality is thought to exist, despite haploid gene action in mammalian spermiogenesis, because of product sharing via the intercellular bridges of conjoined spermatids. However, mice carrying different t-alleles have been known to produce functionally different sperm, leading to transmission ratio distortion (TRD), whose mechanism is unknown. The reduced Spam1 mRNA levels, previously shown to be associated with TRD and reduced fertility in mice carrying the Rb(6.16) or the Rb(6.15) Robertsonian translocation, are reflected in the levels of its encoded membrane protein (Spam1) and its accompanying insoluble hyaluronidase activity. Studies of the temporal expression pattern of Spam1 reveal that it is haploid expressed, with both the RNA and protein first appearing on Day 21.5. RNA fluorescence in situ hybridization and immunocytochemistry show both the mRNA and the protein to be compartmentalized. Compartmentalization of the mRNA along with its immediate translation and insertion of the protein in the plasma membrane suggests the nonsharing of Spam1 transcripts among spermatids, resulting in functionally different sperm in males with different Spam1 alleles. Evidence for biochemically different sperm in these heterozygous males was revealed by flow cytometry and confocal microscopy. Our findings support the notion that the Spam1 antigen is not shared, and we may have uncovered a mechanism for TRD.
INTRODUCTION
During mammalian spermatogenesis germ cells are connected by cytoplasmic bridges before sperm are released into the lumen of the seminiferous tubules. This syncytial organization provides a mechanism by which genetically different sperm in a male can be made biochemically equivalent [1] . Using mice that were doubly heterozygous for the Rb(6.16) and the Rb(6.17) Robertsonian translocations, sperm with no, one, or two copies of chromosome 16 (which carries the spermatid-expressed Protamine [Prm] genes that are essential for spermiogenesis) were shown to be phenotypically equivalent in their fertilizing abilities [2] . Caldwell and Handel [3] used in situ transcript hybridization on the meiotic products of these translocations to show that Prm1 transcripts were shared among the different an-euploid sperm. Transcript sharing among conjoined spermatids was also shown by Braun et al. [4] for a human transgene driven by the mouse Prm promoter. These studies and the more recent mapping of several haploid-expressed sperm-specific genes, including Ube1x and AKAP82, to the mouse X chromosome (see review by Hendriksen [5] ) argue cogently for the sharing of many gene products via the cytoplasmic bridges.
However, it may be necessary to consider sharing on a gene-by-gene basis because there is compelling evidence for phenotypically distinct sperm in a male leading to transmission ratio distortion (TRD) in mice carrying two different alleles at the t locus [6, 7] . The ability of a mouse with different t haplotypes to produce two classes of sperm with different functional capabilities, i.e., meiotic drive, has been best explained by haploid gene expression and unequal sharing of gene products through the syncytia [1] . Whether transcripts of all haploid-expressed genes are shared, equally or unequally, via the bridges is unknown. Although Tcr, which encodes a protein kinase, has been recently shown experimentally to function in segregation distortion at the t locus [8] , there has been no experimental evidence to explain TRD. However, the discovery in our laboratory of a second example of male TRD in mammals allows further investigation of product sharing.
We reported that mice carrying either of two Robertsonian translocations (Rb) involving chromosome 6, Rb (6.16) and Rb (6.15) , show a significant TRD in the progeny analyzed at first cleavage [9] [10] [11] . The distortion results from an impaired fertilizing ability of the Rb-bearing segregants compared with their chromosomally normal reciprocal products. For Rb (6.16) , the distortion was as high as 3.6:1 [10] , whereas for the Rb(6.15) it was 2.4:1 for normal versus Rb-bearing sperm [11] . Studies on the Rb(6.16) carriers using in vitro fertilization [10] and sperm aged experimentally in the male before fertilization in vivo [12] indicate that both Rb-bearing and chromosomally normal sperm are equally produced and are present in the cauda epididymides and the oviduct in a 1:1 ratio. This finding underscores the dysfunction of the Rb-bearing sperm under physiologic conditions and suggests that the significantly lower rates of fertilization by these sperm are not due to a reduction in their numbers, resulting from developmental failure. The sperm dysfunction seen in the Rb heterozygous males is consistent with reduced fertility seen in homozygotes for these Rbs where all the sperm are translocation bearing (unpublished observations).
The map location of the sperm adhesion molecule 1 gene, Spam1 , at MMU 6 A2 near the Rb junction supports its candidacy for the gene involved in the sperm dysfunction leading to TRD in these mice [13] . There is additional support from an accompanying gross genomic alteration around the locus on the Rb(6.16) and point mutations in the 5' and 3' untranslated region (UTR) of its Spam1 allele (unpublished observations), validating the involvement of Spam1 in TRD in these Rb models.
Further support for the candidacy of Spam1 comes from the physiologic and biochemical properties of its encoded protein, Spam1. Spam1 is a highly conserved gene [14] whose product plays bifunctional roles in mammalian fertilization. This sperm antigen has both soluble and insoluble hyaluronidase activity that enables sperm to penetrate the cumulus, and it is also involved in zona binding [15] . Hyaluronidase activity has long been recognized as quantitatively important for fertility in vivo [16] and has more recently been recognized as a reliable indicator for the fertilizing potential of human sperm in vitro [17] .
Rb(6.16) homozygotes show 25-30% of the steady-state level of Spam1 mRNA in chromosomally normal mice, and heterozygotes show an intermediate 61% [18] . The objectives of our study were to determine 1) whether a similar reduction of the mRNA is seen in Rb(6.15) heterozygotes and homozygotes and whether the reduction is reflected in the levels of the protein and hyaluronidase activities of both translocation-bearing mice, 2) whether the temporal and spatial expression patterns of both the mRNA and the protein suggest its involvement in TRD in Rb(6.16) and Rb(6.15) heterozygotes, and 3) the effect of the RNA and protein expression pattern on the phenotype of sperm from heterozygotes. Our results support the notion that compartmentalization of Spam1 transcript and protein mediates the TRD seen in Rb(6.16) and Rb(6.15) heterozygotes.
MATERIALS AND METHODS

Animals
Because the translocation-bearing mice, Rb(6.16)24Lub and Rb(6.15)1Ald, are on the C57BL/6J background, this strain of mice was used as a positive control. Heterozygotes were generated by mating males homozygous for the Rbs to C57BL/6J females. These parental strains of congenic mice were obtained from The Jackson Laboratory (Bar Harbor, ME) and were bred to maintain the stocks. A second set of translocation heterozygotes was generated using Institute for Cancer Research (ICR) mice in a manner identical to that used to generate the males in which the TRD was discovered [9, 11] . These heterozygotes were used to provide sperm for the flow cytometric analysis and were produced by mating males homozygous for Rb(6.16) to wild-type ICR females. These females and ICR males to be used as a second control were obtained from Harlan Sprague-Dawley (Indianapolis, IN). Prepubescent (12.5, 19.5, 20.5, 21.5, 22.5, 25.5, and 27.5 days after birth) C57BL/6J males were used to study the developmental regulation of Spam1 expression.
RNA Preparation and Northern Blot Assays
Total RNA was prepared from the testes at the various postnatal developmental ages from adult C57BL/6J and Rb homozygous and heterozygous animals as previously described [18] . Ten micrograms was fractionated on a 1% agarose gel containing 2.2 M formaldehyde, was transferred to Hybond Nϩ, and was cross-linked under ultraviolet light. A 1.8-kilobase (kb) Spam1 cDNA (GenBank accession U33958) fragment (a gift from Dr. P. Primakoff, University of California, Davis, CA) was random-primed labeled with 32 P-dCTP and used as a probe for the membrane. The membranes were prehybridized in ExpressHyb buffer (8015-1; Clontech, Palo Alto, CA) at 68ЊC for 30 min. Membranes were then hybridized with 2 ϫ 10 6 cpm/ml of the labeled probe (specific activity, Ͼ2 ϫ 10 8 cpm/g) for 1 h at 68ЊC. The membranes were washed in 2ϫ standard saline citrate (SSC)/0.05% SDS at room temperature for 30 min followed by 0.1ϫ SSC/0.1% SDS at 50ЊC for 40 min and then subjected to autoradiographic exposure. The intensity of the Spam1 mRNA signal was quantified with an image analyzer (Image Quant, Molecular Dynamics, Sunnyvale, CA) and normalized relative to the levels of ␤-actin, which was used as a control. The levels of expression were determined by the average of three assays.
Western Analysis
Testes from adult homozygotes and heterozygotes for each Rb and C57BL/6J animal and from the mice at different developmental stages were triturated in guanidine thiocyanate/phenol solution (Tri Reagent, Molecular Research Center, Cincinnati, OH) using a microtissue grinder. Protein was precipitated according to the manufacturer's instructions and finally suspended in 1% SDS. Protein concentration was determined with Biorad DC (detergent compatible) protein assay reagent at an absorbance of 650 nm, and 30 g of protein was fractionated electrophoretically. SDS-PAGE was performed on 16% acrylamide gels in the presence of 0.1% SDS, and proteins were transferred to nitrocellulose. Filters were blocked in 5% milk/1ϫ PBS/ 0.1% Tween 20 (Sigma, St. Louis, MO) and incubated with antibodies generated with a purified recombinant mouse Spam1 fragment, mPH-20-KT3 [19] (a gift from Dr. P. Primakoff). Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG secondary antibody was used for detection. Immunoreactive bands were visualized with enhanced chemiluminescence Western blotting reagents (Amersham Life Science, Arlington Heights, IL), quantified with the image analyzer, and normalized relative to the levels of ␣-tubulin, which was used as an internal control. The intensities of three assays were averaged.
Hyaluronidase Assay
Acrosome-intact caudal sperm from 9-to 15-wk-old Rb(6.16) and Rb(6.15) homozygotes and heterozygotes and the C57BL/6J chromosomally normal congenic control mice were assayed for hyaluronidase activity as previously described [20, 21] . Sperm were washed and resuspended in 1ϫ Whittingham buffer at a concentration of 1 ϫ 10 6 sperm/ml. Coomassie blue staining was used to determine the acrosome status of the sperm, and the samples used in the hyaluronidase activity assays typically had Ͻ10% acrosome-reacted sperm before and Ͻ20% after the assay. A volume of 200 l of the sperm suspension was incubated with an equal volume of hyaluronic acid (0.3 mg/ml) as a substrate at 37ЊC for exactly 60 min. The substrate remaining in the reaction mixture was quantified by adding acidic albumin solution (1 mg/ml) to develop turbidity, which was measured by the percentage transmittance at 600 nm. To calculate the relative hyaluronidase activities, standards containing 0-3 U of bovine testis hyaluronidase were used to generate a working curve.
In Situ Hybridization
Testes were fixed in 10% formalin, and 6-m testis cross sections were made according to standard protocol. In situ transcript hybridization was performed as described [22] with modifications. The slides were dewaxed, rehydrated, and treated with 20 g/ml proteinase K and then 2 U RQ1 DNase (Promega, Madison, WI) at 37ЊC for 15 min and then refixed in 4% formaldehyde in PBS for 5 min. Prehybridization was carried out for 2 h in hybridization buffer (50% formamide, 10% dextran sulphate, 4ϫ SSPE [1ϫ SSPE is 150 mM NaCl, 10 mM NaH 2 PO 4 , 1 mM Na/ EDTA], 5ϫ Denhardt solution, 250 g/ml tRNA) at room temperature. Hybridization was carried out using 200 ng/ ml digoxigenin-labeled antisense or sense probe in a humidified sealed chamber at 55ЊC overnight.
The slides were washed twice in 0.1ϫ SSC at 60ЊC for 30 min each time, rinsed in buffer (0.1 M maleic acid, pH 7.5, 0.15 M NaCl) for 5 min, and blocked in 0.5% blocking buffer for 1 h before incubation in 1:5000 anti-DIG for 1 h at room temperature. Slides were developed in 1:40 nitro blue tetrazolium and bromo-chloro-indolyl phosphate (Boehringer Mannheim, Indianapolis, IN) in a buffer with 100 mM Tris/HCl, pH 9.5, 100 mM NaCl, and 5 mM MgCl 2 for 2 h to overnight. Slides were then washed in double-distilled H 2 O, counterstained with neutral red, dehydrated in ethanol, cleared in xylene, and mounted with Permount (Fisher Scientific, Pittsburgh, PA) for bright-field microcopy. For comparison, all tissues were processed in parallel.
RNA Fluorescence In Situ Hybridization
Testicular cells prepared according to the method of Meredith [23] were fixed on slides, and the RNA fluorescence in situ hybridization (RNA-FISH) technique was performed as previously described [24] . One microgram of Spam1 cDNA or Prm1 DNA was labeled with digoxigenindUTP by nick translation. Prm1 DNA was used as a control under conditions identical to those used for Spam1 cDNA because Prm transcripts are known to be shared among conjoined spermatids [3] . The plasmid with the Prm DNA (a gift from Dr. John Schimenti, Jackson Laboratory) contains a 3.2-kb insert consisting of a 1.7-kb promoter and a 1.5-kb coding region. One hundred nanograms of the labeled DNA (200-400 base pairs long) in hybridization buffer was denatured and used to probe the slides. Detection and amplification of the signal were done using sheep anti-rhodamine and rabbit anti-sheep antibodies. Slides were counterstained with diaminophenylindole (DAPI)/antifade and analyzed with fluorescence microscopy (Zeiss Axioskop; Carl Zeiss, Oberkochen, West Germany) using a triple bandpass (DAPI/FITC/rhodamine) filter.
Immunohistochemistry
Histologic sections of testes from adult normal and Rb(6.16) mice were prepared according to standard protocol. The slides were rehydrated and refixed in 4% formaldehyde in PBS and then washed twice for 30 min each in 2% BSA in PBS. The slides were then incubated at room temperature for 2 h in a 1:500 dilution of anti-Spam1 polyclonal antibody with 2% BSA in PBS, rinsed three times in PBS, and incubated for 2 h in a 1:160 dilution of FITCconjugated goat anti-rabbit IgG secondary antibody (F-1262; Sigma) with 2% BSA in PBS. Subsequently, sections were rinsed three times in PBS and were mounted in p-phenylenediamine antifade containing 1.5 g/ml of DAPI for counterstaining. The specimens were imaged with a Zeiss Axioskop using the appropriate FITC and DAPI filter sets.
Indirect Immunofluorescence of Mouse Sperm for the Detection of Spam1
Fresh caudal sperm were collected from sexually mature males and fixed in 1.5% paraformaldehyde in Whittingham medium at room temperature for 1 h. After rinsing, sperm were suspended in 2% BSA in PBS for 8 h and then incubated at room temperature for 2 h in a 1:500 dilution of anti-mouse Spam1 antibody and treated as described above for the histologic sections. Slides were analyzed with either 
Flow Cytometric Analysis
To quantify the fluorescence and to determine whether Rb(6.16) heterozygotes have two populations of sperm with respect to the amount of Spam1 antigen, immunocytometry was performed using a FACScan (Becton-Dickinson, San Jose, CA) flow cytometer with a Lysis II software package. The FACScan instrument uses an argon laser at 488 nm with detectors for FITC and for the forward side scatter of cell populations. The heterozygotes used in this assay were generated from ICR mice, which were used in the original study in which the TRD was discovered [9] ; thus, ICR males and Rb(6.16) homozygotes were used as controls in this experiment. Three independent experiments were performed.
RESULTS
As expected, a 2.1-kb transcript was detected by Spam1 cDNA with Northern analysis for control mice. This transcript was also seen in Rb-bearing sperm but the mRNA levels were reduced to various degrees (Fig. 1a) . In Rb(6.15) homo-and heterozygotes, Spam1 mRNA levels were 45% and 70% those of the chromosomally normal congenic controls. The 70% level seen in heterozygotes is approximately what would be expected for the average percentage of wild-type and translocation alleles. For the Rb(6.15), the reduction in RNA levels is less than that seen for the Rb(6.16) mice (Fig. 1a) , where the levels were 25-30% and 61% for the homo-and heterozygotes, confirming our previous results [18] . Because the 2.1-kb transcript was detected in Rb(6.15) homozygotes, there appears to be no gross alterations of the gene structure or aberrant splicing of Spam1 mRNA in Rb(6.15)-bearing mice. This result is similar to that previously reported for the Rb(6.16)-bearing mice.
Because a number of spermatogenic expressed genes are under translational control [25] , lower steady-state levels of mRNA might not necessarily result in lower protein levels. However, the reduction in the steady-state levels of the mRNA for both the Rb(6.16) and the Rb(6.15) was reflected in the protein and hyaluronidase activity levels. Western blots (Fig. 1b) of testicular proteins identified a protein between 40 and 58 kDa, a molecular mass similar to that of the mouse PH-20 [19] . This protein is likely to be a proteolytic product of Spam1 resulting from the protease activity during protein preparation [26] . The signal intensities of the bands indicate that in Rb(6.16)/Rb(6.16) and Rb(6.16)/ϩ males, Spam1 expression is 43% and 60% of that found in controls. For Rb(6.15), the rates are 52% and 80% (Fig. 1b) . These findings for Western blotting are consistent with those for Northern blotting and indicate a correlation between lower mRNA and protein levels, suggesting that Spam1 expression is under transcriptional control.
Because Spam1, a glycosyl phosphatidylinositol-linked protein [15, 20] , is the only known sperm protein demonstrating hyaluronidase activity, acrosome-intact sperm were used directly to assay the insoluble enzyme activity in a turbidimetric assay. Seven C57BL/6J chromosomally normal males, four Rb(6.16)/Rb(6.16), three Rb(6.16)/ϩ, three Rb(6.15)/Rb(6.15), and three Rb(6.15)/ϩ males were used in the study; sperm samples from each male were tested in duplicate. For the Rb(6.16) homo-and heterozygotes, the hyaluronidase activity levels in acrosome-intact sperm are only 32% and 66% of that seen in the C57BL/6J controls (Fig. 1c) . For the Rb(6.15) homo-and heterozygotes, the activity levels are 42% and 72% of normal (Fig. 1c) . The intermediate levels of reduction in both heterozygotes are what would be expected on the basis of the number of normal and Rb-bearing alleles. For the homozygotes, t-tests indicate that the differences in reductions from normal levels are highly significant for Rb(6.15) (P Ͻ 0.01) and for Rb(6.16) (P Ͻ 0.001).
The developmental expression analysis of Spam1 RNA shows that the mRNA is not detected prior to Day 21.5 ( Fig. 2A) . Between Day 21.5 and Day 25.5, the levels of mRNA increased from 20% to 60% of that seen in the adults. Only on Day 27.5 was the level of mRNA equivalent to that detectable in adults ( Fig. 2A) . These findings indicate that Spam1 is haploid expressed, and they are corroborated by results from spatial expression studies, where in situ transcript hybridization revealed that spermatids are the expressing cell type for Spam1 (data not shown). The results therefore indicate that postmeiotic transcription of Spam1 is likely to be involved in the TRD in the Rb-bearing mice.
To more clearly determine the intracellular distribution of Spam1 RNA in the cytoplasm, RNA-FISH studies were carried out on testicular cells that were gently teased from the seminiferous tubules. For both early and late spermatids, Spam1 transcripts were highly compartmentalized in the cytoplasm (Fig. 3a) . Using Prm1 as a control, we observed that its RNA, which is known to be shared via the intercellular cytoplasmic bridges, is widely dispersed in the cytoplasm (Fig. 3b) . In one experiment, testicular cells from Rb(6.15)/ϩ males were used to confirm the Spam1 RNA compartmentalization in spermatids. In these cells, we detected an apparent variation in the amount of the RNA deposit in cells analyzed at the same developmental stage, as seen in Figure 3c for spermatids in the acrosome phase (stages 8-12), although no quantitative analysis was done. Western blot analysis of the temporal expression of the protein revealed that this expression is correlated with that of the mRNA (Fig. 2B) . The protein was first seen on Day 21.5, the day that transcripts first appear. At Day 27.5, Spam1 protein level was only 76% of that seen in the adult (Fig. 2B) , at a time when the mRNA was 100% of the adult level. This lower level of the protein is likely to reflect a deficiency of mature sperm at Day 27.5, compared with fully mature adults, rather than a delay in protein synthesis due to translational regulation. Immunohistochemistry revealed that the protein is first localized in the crescentshaped acrosomal membrane of early round spermatids located closer to the basement membrane. The later round spermatids and the elongated spermatids found closer to the lumen display the protein in the plasma membrane and in budding vesicles. Although Spam1-containing vesicles were seen near the plasma membrane, the protein was never dispersed in the cytoplasm (Fig. 4a) . The results indicate that membrane-associated Spam1 is not freely diffusible in the cytoplasm but is highly compartmentalized.
We have used indirect immunofluorescence to study Spam1 in mature sperm. In Rb(6.16) heterozygotes, unlike ᭣ with a larger number of sperm shows a high and low pattern. The confocal image in c, which is also from a Rb(6.16) heterozygote, shows a variation of the intensity of Spam1 when it is displayed only on the anterior surface. Original magnification ϫ1000 (a, d-f), ϫ1500 (b) , and ϫ600 (c). In f, a smear the homozygotes or the normal males, there seems to be differences in the amount of Spam1 in both the anterior and postacrosomal regions to which it localizes (Fig. 4, b and  d) , although we have not quantified the amounts on individual sperm. This variation of Spam1 intensity was seen with standard fluorescence microscopy when sperm were in the same focal plane (Fig. 4, d and e) , as detected by DAPI counterstaining of the sperm head, and with confocal microscopy (Fig. 4c) . With confocal microscopy, the protein was observed only at the anterior surface, as is often the case in some caudal sperm, and although the sizes of the fluorescing area are similar, their intensities (color depth) are different. In Figure 4f , a larger number of sperm are displayed to show the high and low pattern. When the protein on a large population of sperm was quantified by flow cytometry, the variation of the protein in sperm from the Rb(6.16) heterozygotes was evident. Figure 5 shows results from populations of 5 ϫ 10 4 mature caudal sperm pooled from two males each for the Rb(6.16)/ϩ (Fig. 5c ) and the homozygous (Rb/Rb) and wild type (ϩ/ϩ) (Fig. 5,  a and b) , used as controls. The males were 6 mo old, and all samples were prepared simultaneously and analyzed together immediately to prevent fading. Arithmetic histograms display a unimodal distribution for both the Rb homozygotes and the ϩ/ϩ mice, with the wild-type mice showing, as expected, a higher median and peak and a population shifted to higher protein quantities (Fig. 5, a and b) . This finding confirms the Spam1 protein deficiency detected with Western analysis (Fig. 1) .
However, in the three independent experiments performed, heterozygotes showed bimodal distributions in fluorescence intensity (Fig. 5c) , suggesting the presence of two subpopulations within the samples. In Figure 5c , the higher of the two peaks occurs at 162, within the 144.6 range seen for the wild-type mice, whereas the lower peak occurs at a value of 70, which is virtually identical to the 69.8 seen for the peak in the Rb(6.16) homozygotes. The finding of two subpopulations of sperm in the heterozygotes with protein quantities identical or similar to those seen in the parental homozygotes provides support for compartmentalization of the Spam1 protein.
DISCUSSION
The results of this investigation show a clear link between reduced Spam1 expression in both Rb(6.16)-and Rb(6.15)-bearing mice and the impairment in fertilizing ability of their sperm, resulting in TRD in heterozygotes. The reduction in the steady-state levels of the mRNA in these mice is reflected in the protein and the insoluble hyaluronidase activity levels, which are highly significantly decreased compared with their congenic controls (Fig. 1c) . Based on the fact that Spam1, which is widely conserved among mammals [14] , plays an important role in cumulus penetration and that sperm hyaluronidase is quantitatively important for fertilization in vivo [16] and in vitro [17] , the findings provide support for the role of Spam1 in the TRDs.
Support is bolstered by the finding of a correlation between the magnitude of the reductions in the protein and hyaluronidase activity levels and the degrees of TRD for the two Rb models. The TRDs were 3.6:1 and 2.4:1 for Rb(6.16)/ϩ and Rb(6.15)/ϩ mice [10, 11] , and the respective protein levels in homozygotes were 43% and 52% of the normal. For the hyaluronidase activity, the levels were 32% (P Ͻ 0.001) and 42% (P Ͻ 0.01) of the control. In catalytic kinetic studies, we have shown that the reduced activity of hyaluronidase in the Rb(6.16) mice results from a combinatorial effect of a quantitative and a qualitative deficiency, whereas for Rb(6.15) the reduction results from a qualitative effect associated with multiple point mutations clustered in the hyaluronic acid binding domain of the molecule (unpublished observations).
The association between TRD and reduced Spam1 mRNA and protein expression in the Rb carriers implies that the gene product may not be shared among conjoined germ cells, resulting in functional differences between chromosomally normal and Rb-bearing sperm in a male. It has long been argued that haploid-expressed membrane proteins and sperm antigens might not diffuse through the cytoplasmic bridges, thus leading to functionally different sperm in a male [27] . In theory, there are four conditions that must be met for these proteins in order for this to occur [5] : the gene must be haploid-expressed, its mRNA must be compartmentalized, its mRNA must be immediately translated, and the protein must be immediately inserted into the plasma membrane. The developmental and spatial expression experiments performed in this study for Spam1 provide evidence that these conditions have largely been met.
It was important to establish that Spam1 is not expressed prior to the haploid stage as well as in the haploid stage, as is the case of genes such as Tcp10 t [28] , because the phenotypic distinction of sperm in a heterozygote mandates restricted spermatid expression. Our results from Northern analysis show that Spam1 is first expressed at Day 21.5, the stage when spermatids appear [29] , indicating a restricted postmeiotic expression. This finding was corroborated by in situ transcript hybridization that showed that spermatids are the expressing cell type. Results of a recent study in our lab of the Spam1 promoter also support postmeiotic expression; the promoter contains a functional cAMP-responsive element at -57 or -62 [30] , which is characteristic of a number of haploid-expressed genes [31] .
The results of the RNA-FISH analysis, which also confirmed postmeiotic expression, show Spam1 transcripts in both early and late spermatids to be highly compartmentalized in the cytoplasm. However, for Prm1, another haploid-expressed gene used as a control in these experiments, the transcripts are widely dispersed in the cytoplasm of spermatids. These observations are consistent with the movement of Prm1 RNA through the bridges [3] but suggest that movement is unlikely for Spam1 transcripts. Our results also add Spam1 to a growing list of spatially restricted RNAs, including those for secretory and membrane proteins that are localized in the rough endoplasmic reticulum (RER) [32] . Recent studies show that compartmentalization of RNA facilitates protein sorting [33] and that RNA movement or transportation through the cytoplasm is regulated by highly conserved Y and H sequences in the 3Ј UTR [34] . These sequences, although present in Prm1 and Prm2, are absent both in human SPAM1 [34] and mouse Spam1 mRNA. Note that the synthesis of Spam1, like other membrane proteins, by cotranslational assembly necessitates mRNA localization juxtaposed to the endoplasmic reticulum [35] . For membrane proteins, the cotranslational mechanism, initiated by the signal sequence of the nascent polypeptide chain, for transferring a protein from the ribosome directly to the membrane of the RER ensures that the protein must associate with the membrane while it is being synthesized from the mRNA. This association with the membrane limits the possibility of diffusion or transport of the protein through the cytoplasmic bridges.
Western blot analysis of the temporal expression of the protein shows it to be correlated with that of the mRNA, with Spam1 first seen the day transcripts first appear (Day 21.5). Thus, Spam1 is under transcriptional control, as suggested by the finding that reduced mRNA levels in the Rbbearing mice lead to reduced protein levels. Therefore, the situation for Spam1 is unlike that for Prm, which is under translational regulation and where there is a 7-day delay in translation [36] . This delay makes it possible for Prm mRNA to be transported and shared via the bridges in the syncytia. The immediate translation of Spam1 mRNA, detected with the developmental Western blots, limits the possibility of its movement in the cytoplasm. Immediate translation is also corroborated by the results from immunohistochemistry. The protein, which is never dispersed in the cytoplasm, can be detected in the early round spermatids, where it is first localized to the acrosome and later to the plasma membrane. In the guinea pig, it has been shown that Spam1 (which is glycosylated [14, 21] ) first appears in the acrosome after leaving the Golgi apparatus and then appears in the plasma membrane [37] , as is seen in the present study for the mouse (Fig. 4a) . This finding suggests that the synthesis of Spam1, which begins in the RER in the vicinity of the Golgi apparatus and the acrosome, occurs with little possibility for its dispersal in the cytoplasm. Further, because it is unlikely that the budding vesicles from the Golgi apparatus would traverse the syncytial bridges, there is a decreased possibility of protein sharing among spermatids.
It has long been argued that insertion of a gene product in the plasma membrane soon after formation might preclude its diffusion through the cytoplasmic bridges, and because of the specific modifications at the bridges, antigens and other membrane proteins with lateral mobility might not be shared [38] . During epididymal maturation, Spam1 is known to redistribute itself on the sperm head, not as a result of passive lateral movement in the lipid bilayer but rather as a result of proteolysis and reinsertion into the membrane [15] . Thus, it is unlikely that lateral diffusion of the antigen occurs in spermatids, and compartmentalization of both the RNA and protein in spermatids would lead to sperm with different quantities of Spam1.
Observations on spermatids from Rb(6.15)/ϩ mice after RNA-FISH and on mature caudal sperm from Rb(6.16)/ϩ after immunocytochemical localization of the protein suggest that males with different alleles of Spam1 produce phenotypically different sperm. Differences in the amount of fluorescence of Spam1 in both the anterior and the postacrosomal regions of sperm from the Rb(6.16)/ϩ males were detected with both light and confocal microscopy. During our analysis, we observed that spontaneously occurring diploid sperm (identified by their large heads and their thick necks) showed a high degree of fluorescence intensity relative to normal haploid sperm (data not shown). This observation supports the finding of compartmentalization of the protein and suggests that the Spam1 genotype influences the phenotype, with respect to Spam1 quantities. The finding for different amounts of Spam1 in sperm from Rb(6.16)/ϩ mice was confirmed when the fluorescence intensity was quantified with flow cytometry. In populations of 50 000 sperm, the bimodal distribution of Spam1 in the heterozygotes, compared with the unimodal distributions for the homozygotes and the chromosomally normal wildtype males, suggests the presence of two distinct subpopulations in heterozygotes. The subpopulation with the lower quantity of Spam1 in the heterozygotes had a mean fluorescence intensity virtually identical to that for the Rb homozygotes. The finding of identical protein quantities in the Rb homozygotes and in a subpopulation of the heterozygotes argues for the absence of product sharing among the spermatids in the Rb heterozygotes, resulting in phenotypically different sperm and the accompanying TRD. We are currently testing our hypothesis using transgenic and knockout mice.
